Dopaminergic interplexiform amacrine cells were labeled in transgenic mice with human placental alkaline phosphatase and could therefore be identified after dissociation of the retina and used for whole-cell current and voltage clamp. In absence of synaptic inputs, dopaminergic amacrines spontaneously fired action potentials in a rhythmic pattern. This activity was remarkably robust in the face of inhibition of various voltagedependent ion channels. It was minimally affected by external cesium or cobalt, suggesting no involvement of either the hyperpolarization-activated cation current I h or voltagedependent calcium channels. Inhibiting calcium-activated potassium channels by charybdotoxin or tetraethylammonium slowed the repolarizing phase of the action potentials and eliminated a slow afterhyperpolarization but had a scarce effect on the frequency of spontaneous firing. Voltage-clamp experiments showed that the interspike depolarization leading to threshold results from tetrodotoxin-sensitive sodium channels active at the interspike voltages of Ϫ60 to Ϫ40 mV. Because dopamine acts on distant targets in the retina, the pacemaker activity of dopaminergic amacrines may be necessary to ensure a tonic release of the modulator from their dendritic tree. Pacemaking is a property that this type of retinal amacrine cell shares with the dopaminergic mesencephalic neurons, but the ionic mechanisms responsible for the spontaneous firing are apparently different.
Dopaminergic interplexiform amacrine cells were labeled in transgenic mice with human placental alkaline phosphatase and could therefore be identified after dissociation of the retina and used for whole-cell current and voltage clamp. In absence of synaptic inputs, dopaminergic amacrines spontaneously fired action potentials in a rhythmic pattern. This activity was remarkably robust in the face of inhibition of various voltagedependent ion channels. It was minimally affected by external cesium or cobalt, suggesting no involvement of either the hyperpolarization-activated cation current I h or voltagedependent calcium channels. Inhibiting calcium-activated potassium channels by charybdotoxin or tetraethylammonium slowed the repolarizing phase of the action potentials and eliminated a slow afterhyperpolarization but had a scarce effect on the frequency of spontaneous firing. Voltage-clamp experiments showed that the interspike depolarization leading to threshold results from tetrodotoxin-sensitive sodium channels active at the interspike voltages of Ϫ60 to Ϫ40 mV. Because dopamine acts on distant targets in the retina, the pacemaker activity of dopaminergic amacrines may be necessary to ensure a tonic release of the modulator from their dendritic tree. Pacemaking is a property that this type of retinal amacrine cell shares with the dopaminergic mesencephalic neurons, but the ionic mechanisms responsible for the spontaneous firing are apparently different.
Key words: dopamine; retina; interplexiform amacrine cells; patch clamp; pacemaker activity; ion channels; subthreshold sodium current Dopamine subserves f undamental f unctions in the nervous system: it facilitates and controls initiation of movement (Hikosaka and Wurtz, 1983) , regulates reward behaviors and affective states (Le Moal and Simon, 1991) , and, in the retina, is responsible for many of the events that lead to neural adaptation to light (Witkovsky and Dearry, 1991; Djamgoz and Wagner, 1992) . Thus, an understanding of the mechanisms that control the release of this modulator may have important consequences for interventions in motor and affective disorders. An interesting property of the midbrain dopaminergic neurons is their capacity to generate action potentials in a rhythmic manner even in the absence of synaptic inputs (Grace and Onn, 1989; Lacey et al., 1989; Hainsworth et al., 1991; Yung et al., 1991; C ardozo, 1993; Cardozo and Bean, 1995) . We have found that also dopaminergic amacrine cells spontaneously generate action potentials when isolated from the retina and studied in vitro (Gustincich et al., 1997) . In this paper we show that these cells possess a pacemaker activity very similar to that of their counterparts in the midbrain (Grace and Bunney, 1983a,b; Grace and Onn, 1989; Yung et al., 1991) . However, an analysis of the mechanism of spontaneous firing showed that, in contrast to the midbrain neurons, neither the hyperpolarization-activated cation current I h nor voltagedependent calcium currents play a role in the firing of the dopaminergic amacrines: in these cells, the slow depolarization between spikes appears to result solely from tetrodotoxin-sensitive sodium channels. The fact that projection neurons with long axons directed to distant regions of the brain and a retinal interneuron share the property of spontaneous firing suggests that tonic dopamine release may be a common functional characteristic of dopaminergic neurons throughout the nervous system.
MATERIALS AND METHODS

Dissociation of the retina and identification of dopaminerg ic amacrine cells.
For this study, a transgenic mouse line was used in which dopaminergic neurons in the retina and C NS express human placental alkaline phosphatase (PL AP) on the outer surface of the cell membrane (Gustincich et al., 1997) . These animals were obtained by introducing into the mouse genome PL AP cDNA (Kam et al., 1985) , linked to a promoter sequence of the gene for tyrosine hydroxylase (TH) (Banerjee et al., 1992) , the rate-limiting enzyme for dopamine biosynthesis. Animals were anesthetized by intraperitoneal injection of 0.1 ml of a solution containing 50 mg /ml ketamine HC l (Ketaset; Fort Dodge Laboratories, Fort Dodge, IA) and 1% xylazine (Rompun; Bayer, Shawnee Mission, K S). After dissociation of the adult retina and plating of the cell suspension, solitary dopaminergic amacrines could be identified for recordings by labeling of their membrane by a monoclonal antibody to PL AP (E6; De Waele et al., 1982) conjugated to the fluorochrome C y3 (E6 -C y3). The procedure of dissociation of the retina was described elsewhere (Gustincich et al., 1997) : briefly, after removal of cornea, lens, and vitreous body, the eyecups including the retinas were transferred to a solution containing 20 U/ml papain and 200 U/ml DNase I (both from Worthington, Freehold, NJ) in Earle's balanced salt solution (EBSS; Sigma, St. L ouis, MO). At the end of the digestion (45 min, 37°C), the eyecups were washed in a solution to stop papain activity (5 min, 37°C). This solution contained 1 mg /ml ovomucoid (Worthington), 1 mg /ml bovine serum albumin (Sigma), and 100 U/ml DNase I in EBSS. Then, the retinal pieces were caref ully detached from the pigment epithelium and triturated using fire-polished Pasteur pipettes of varying bores. The resulting cell suspension was centrif uged at 1000 rpm for 5 min, and the pellet was resuspended in Minimum Essential Medium (Sigma) containing E6 -C y3 (1:100) and 0.1% bovine serum albumin. The dissociated retinal neurons were directly plated on the glass bottom of concanavalin A-coated (1 mg /ml) recording chambers and kept at 37°C in 5% C O 2 and 95% O 2 for at least 1 hr before commencement of recordings. To prove that the cells stained by E6 -C y3 contained TH mRNA, nested RT-PCR was performed on single fluorescent cells isolated by suction with a patch-clamp pipette. The first-round forward (THF) primer was C TGGCC T-TCCGTGTGTTTCAGTG, which hybridizes with TH cDNA at nucleotide (nt) 915 (GenBank accession number M69200), and the corresponding reverse (THR) primer was CCGGC TGGTAGGTTT-GATC TTGG, which hybridizes with TH cDNA at nt 1296. The firstround RT-PCR product was 382 bp long. The second-round nested THF primer was AGTGCACACAGTACATCCGTCAT, which hybridizes with TH cDNA at nt 934, and the corresponding nested THR primer was GC TGGTAGGTTTGATC TTGGTA, which hybridizes with TH cDNA at nt 1293. The final nested RT-PCR product was 360 bp long. This fragment contained a unique SacI site, and digestion with this enzyme produced fragments of 271 and 89 bp. Further details of the procedure will be described in another paper.
Electrophysiolog y. For recordings, Petri dishes with the dissociated retinal cells were mounted on the stage of an inverted microscope (Diaphot 300, Nikon), and E6 -C y3-stained dopaminergic amacrines were identified by scanning the coverslip in epifluorescence. Patch-clamp recordings in the voltage-and current-clamp mode were performed with an Axopatch 200A amplifier (Axon Instruments, Foster C ity, CA). Currents were low-pass-filtered at 5 kHz using the internal Bessel filter of the amplifier. Current and voltage outputs from the patch-clamp amplifier were digitized with a DigiData 1200 interface (Axon Instruments) and viewed with an oscilloscope (BK Precision, Chicago, IL) or directly on the screen of a Gateway 4DX2-66 computer. The sample frequency was 10 -50 kHz for whole-cell voltage-clamp recordings and 2-5 kHz for current-clamp recordings. Fast current events recorded in the cellattached mode were sampled at a frequency of 5 kHz. Patch pipettes were constructed from borosilicate glass (1.65 mm outer diameter, 1.2 mm inner diameter; A-M Systems, Everett, WA) using a horizontal two-stage electrode puller (BB-CH; Mecanex, Geneva, Switzerland); the electrode resistance ranged from 5 to 7 M⍀. Electrodes were connected to the amplifier via an Ag-AgC l wire. The electrode holder and the head stage were mounted on a piezoelectric, remote-controlled device attached to a three-dimensional micromanipulator (Burleigh Instruments, Fishers, N Y) . In voltage-clamp experiments, the series resistance of the pipettes was in the range of 12-20 M⍀ and could be compensated up to 80% after cancellation of capacitive transients. Drugs were applied to single cells in the extracellular bath solution by gravity flow through an array of microcapillary tubes. Drugs could be selected using a Teflon rotary valve (Rheodyne, Cotati, CA). This application system allowed for a complete solution exchange in the vicinity of the recorded cell within 200 -500 msec.
Recording solutions. Unless noted otherwise, the extracellular bath solution for recordings in current-clamp mode contained (in mM): 137 NaC l, 5.4 KC l, 1.8 C aC l 2 , 1 MgC l 2 , 5 H EPES, and 10 glucose. The intracellular solution for recordings in current-clamp mode contained (in mM): 125 K-gluconate, 10 KC l, 0.5 EGTA, and 10 H EPES. Recordings of voltage-dependent calcium currents were performed with the following extracellular solution (in mM): 145 TEAC l, 20 C aC l 2 , and 10 H EPES. The intracellular solution for these experiments contained (in mM): 117 TEAC l, 4.5 MgC l 2 , 9 EGTA, 9 H EPES, 14 phosphocreatine, 4 Mg-ATP, and 0.3 Na-GTP. The extracellular solution for voltageclamp recordings of sodium currents contained (in mM): 100 NaC l, 60 TEAC l, 2 C aC l 2 , 0.3 CdCl 2 , and 10 H EPES, and the corresponding intracellular solution contained (in mM): 120 C sC l, 20 TEAC l, 1 C aC l 2 , 2 MgC l 2 , 11 EGTA, and 10 H EPES. All biochemicals were obtained from Sigma unless otherwise noted. Stock solutions of apamin and charybdotoxin (Alomone Laboratories, Jerusalem, Israel) were stored at Ϫ20°C and diluted in extracellular solution immediately before use. A stock solution of tetrodotoxin (TTX; Research Biochemicals, Natick, M A) was made in 2 mM citric acid and stored at Ϫ20°C. ATP, GTP, and phosphocreatine were prepared as a 10ϫ stock solution and kept frozen at Ϫ80°C.
RESULTS
Identification of dopaminergic amacrine cells
As shown previously (Gustincich et al., 1997) , two classes of amacrine cells express PLAP in the retina of our transgenic mice; one class is characterized by a large, spherical perikaryon that is stained by antibodies to TH and sends processes to the outer plexiform layer. This cell corresponds to type 1 dopaminergic (interplexiform) amacrine cells of other mammalian species (Mariani and Hokoc, 1988; Nguyen-Legros, 1988; Tauchi et al., 1990; Versaux-Botteri et al., 1984) . Cells of the other class have a smaller perikaryon and do not exhibit TH-like immunoreactivity. They correspond to the type 2 or small catecholaminergic amacrines of other mammals (Mariani and Hokoc, 1988; NguyenLegros, 1988 ; type 3 in the rabbit, according to Tauchi et al., 1990) . After dissociation of the retina, type 1 dopaminergic amacrines are easily recognized because of the large size and intense staining with both the histochemical method for PLAP ( Fig. 1 ) and the monoclonal antibody to PLAP E6 -Cy3. Small type 2 cells are seen only with difficulty.
Nested single-cell RT-PCR confirmed beyond doubt that the large neurons stained by E6 -Cy3 contained TH mRNA and, therefore, were dopaminergic amacrines, because TH transcript was absent in unlabeled cells (Fig. 1, inset) .
Previous experiments had demonstrated that the physiological responses of dopaminergic amacrines were not altered by expression of PL AP at the cell surface and binding of antibody to the enzyme (Gustincich et al., 1997) .
Spontaneous activity
Recordings with the patch-clamp technique in the whole-cell configuration were obtained from 250 dopaminergic amacrines. Cells were chosen that possessed two or three dendrites that could be followed for a length of at least 30 m (Fig. 1 ). Stable patch-clamp recordings, lasting from 10 to 45 min, were obtained from 62% of the cells. Dopaminergic amacrines were spontaneously active. In the cell-attached configuration, action currents were recorded across the patch, usually in a rhythmic pattern (Fig.  2 A) . After disruption of the patch membrane, ϳ80% of the cells continued to fire spontaneous action potentials (recording in current-clamp mode with no injected current). The frequency of firing was 3-9 Hz [6.0 Ϯ 0.5 (SEM) Hz; n ϭ 25], the same rate as that of the action currents recorded in the cell-attached configuration ( Fig. 2 B) . Interspike intervals were relatively constant in Figure 2 . Spontaneous and depolarization-induced activity of solitary dopaminergic amacrines. A, Action currents observed in the cell-attached configuration with the pipette potential held at 0 mV. Single-channel events, probably attributable to opening of potassium channels, were also visible. B, Spontaneous activity of a solitary dopaminergic amacrine measured in whole-cell current clamp with no current applied. The amplitude of the spikes was 89 mV (measured from the threshold at Ϫ37 mV); their width at threshold was 4.3 msec. The spikes were followed by a prolonged afterhyperpolarization that peaked at Ϫ59 mV. C, In current clamp, a dopaminergic amacrine was hyperpolarized to Ϫ50 mV to remove spontaneous activity. The membrane potential was then gradually increased by injecting depolarizing current steps (2 sec each). The dopaminergic amacrine followed the current injections by linearly increasing its spike frequency. With depolarizations Ͼ20 pA, dopaminergic amacrines fired a burst of three to five action potentials followed by a depolarizing block. To suppress spontaneous activity, a dopaminergic amacrine was hyperpolarized to Ϫ54 mV. Voltage responses to negative current pulses (6 steps of Ϫ10 pA each, 400 msec duration) were measured in current clamp. The cell showed only a small decrease in apparent input resistance (sag) with increasing hyperpolarizations. Action potentials were induced by the rebound depolarization at the end of the larger current pulses; these segments are not included for clarity. B, Input resistance of the cell shown in A was calculated by plotting the peak membrane voltage response (F) and steady-state membrane voltage response (E) versus the injected hyperpolarizing current. The regression line was fitted to the linear portion of the plot obtained with small current pulses. The peak input resistance as determined by the slope of the linear fit was 2.9 G⍀. C, Dopaminergic amacrine was held at Ϫ50 mV in voltage clamp and hyperpolarized in 10 mV steps of 2 sec duration to a final voltage of Ϫ100 mV. No time-dependent current was seen positive to Ϫ90 mV. D, Time-independent resting current was reduced by 1 mM cesium, and the time-dependent current at Ϫ90 and Ϫ100 mV was abolished. Transient current fluctuations were occasionally seen at very negative potentials. E, In current clamp, a dopaminergic amacrine had a resting membrane potential of approximately Ϫ45 mV and fired in a rhythmic pattern at a frequency of 5 Hz. Application of 1 mM cesium for 5 sec had no significant effect on the membrane potential of the cell or its firing frequency.
some cells, with occasional misses, and irregular in others. Cells that became quiescent on establishment of whole-cell recording had an average resting potential of Ϫ46 Ϯ 1.6 mV (n ϭ 9), approximately corresponding to the midpoint of the slowly rising ramp that led to spike initiation in spontaneously active cells. For comparison with identified dopaminergic amacrines, we also recorded from unlabeled large neurons, probably ganglion cells. These had resting membrane potentials of Ϫ50 to Ϫ70 mV and were usually silent. On occasion, unlabeled cells with a depolarized membrane potential generated spikes spontaneously, but their pattern of firing was irregular, and they never exhibited the rhythmic activity of dopaminergic amacrines. Dopaminergic amacrine cells also differed markedly from putative ganglion cells in their response to injected current pulses, applied after spontaneous activity was halted by hyperpolarization to Ϫ50 to Ϫ55 mV (Fig. 2C) . With injection of increasing amounts of depolarizing current, dopaminergic amacrines responded with an increased frequency of firing up to a limit of 22 Ϯ 2 Hz (n ϭ 9), beyond which they entered depolarizing block. In contrast, putative ganglion cells were able to fire at much higher frequencies (up to 60 Hz) without entering depolarizing block. The comparison suggests f undamental differences in the intrinsic membrane properties of the two types of neurons.
I h is not responsible for spontaneous activity
The spontaneous activity of dopaminergic amacrines (Fig. 2 B) was characterized by relatively broad action potentials (average spike duration 4.36 Ϯ 0.05 msec; n ϭ 186; measured at threshold), triggered at a relatively depolarized threshold (Ϫ37.8 Ϯ 0.2 mV; n ϭ 186). Average spike height, measured from threshold to peak, was 91.5 Ϯ 0.5 mV (n ϭ 186). The action potentials were preceded by a slow depolarization and followed by a prominent afterhyperpolarization, which merged into the slow depolarization preceding the next spike.
In many excitable cells that are spontaneously active, the hyperpolarization-activated cation current I h plays a crucial role (DiFrancesco et al., 1986; McCormick and Pape, 1990; Hille, 1992; Pape, 1996) . However, this does not seem to be true for the spontaneous activity of dopaminergic amacrines. Under current clamp, injection of hyperpolarizing pulses showed only a small amount of "sag" of the voltage response (Fig. 3 A, B) . The input resistance of dopaminergic amacrines was high, 2.4 Ϯ 0.1 G⍀ (n ϭ 28) measured from the tangent of the I-V curve at the resting membrane potential, and decreased by only 10 -15% with hyperpolarization beyond Ϫ150 mV (Fig. 3B) . This suggests the absence of a significant hyperpolarization-activated conductance. The membrane time constant was 30.7 Ϯ 1.2 msec (n ϭ 17). The membrane properties of dopaminergic amacrines under current clamp are summarized in Table 1 .
Voltage-clamp experiments suggested that I h is present but very small in dopaminergic amacrines. Long (2 sec) hyperpolarizing voltage steps delivered from a holding potential of Ϫ50 mV elicited only small (Ͻ15 pA) time-dependent currents, even with hyperpolarization to Ϫ100 mV (Fig. 3C ). Consistent with I h , the time-dependent current was inhibited by 1 mM extracellular cesium (Fig. 3D) .
We tested for a contribution of I h to spontaneous firing by application of 1 mM cesium under current clamp. Cesium had no significant effects on firing frequency, membrane potential, or shape of the action potentials (Fig. 3E, Table 2 ). Thus, although dopaminergic amacrines have a small I h , this current does not contribute to pacemaking. Evidently, the current is insignificant at the voltages (positive to Ϫ60 mV) reached during spontaneous activity.
Voltage-dependent calcium current
Important roles have been found for voltage-dependent calcium currents in the spontaneous electrical activity of some types of excitable cells. In particular, the class of calcium channels known as low-threshold, low-voltage-activated, or T-type channels is often associated with cells capable of spontaneous firing, including cardiac sinoatrial cells, neuroendocrine cells, and thalamic neurons (Hagiwara et al., 1988; Bal and McCormick, 1993; Gutnick and Yarom, 1989; Huguenard, 1996) . One possible mechanism of rhythmic spontaneous activity is a cycle involving calcium entry through voltage-dependent calcium channels and hyperpolarization resulting from calcium-activated potassium current (Llinás, 1988; Bal and McCormick, 1993) .
Current-clamp recordings showed that no type of voltagedependent calcium current was necessary for spontaneous activity. When calcium was completely removed from the extracellular solution (replaced by 0.5 mM cobalt), the frequency of firing did not change significantly (Fig. 4 A, Table 2 ), although the amplitude of the action potentials was reduced (to 78.6 Ϯ 0.6 mV; n ϭ 18; or by ϳ14%).
No evidence was found for T-type calcium channels in dopaminergic amacrines. With ionic conditions to isolate calcium currents, a substantial voltage-activated current was measured, which was abolished by cadmium (Fig. 4 B) , but there was no component with the low-threshold and rapid inactivation expected from T-type current. These results suggest that voltage- When TTX (1 M, 1 sec) was applied extracellularly, the cell became silent and hyperpolarized to Ϫ50 mV. After 20 sec, the cell resumed firing, although with reduced spike amplitude (data not shown). After complete recovery from TTX, the amplitude of the action potentials gradually increased to predrug levels. D, In current clamp, a dopaminergic amacrine was held at Ϫ50 mV to suppress spontaneous discharge. The cell was then f urther hyperpolarized by injecting a current pulse of Ϫ10 pA for 400 msec. At the offset of the current injection, a slow rebound depolarization beyond the holding potential could be observed (note deviation from the dotted line). E, Same cell as in D.
With a larger hyperpolarizing current step (Ϫ20 pA, 400 msec), the rebound depolarization at the offset of the current pulse triggered an action potential. F, Same cell and protocol as in D. E xtracellular application of TTX blocked both the slow depolarization and the action potential at the offset of the current pulse. G, Same cell and protocol as in D. Addition of cobalt (250 M) to the standard extracellular solution had no effect on the spike discharge at the offset of the current pulse. The larger amplitude of the voltage response was probably caused by an increase in the input resistance of the cell because of block of nonspecific leak conductances.
dependent calcium current contributes to the action potential but is not critically involved in the depolarization that precedes it.
Voltage-dependent sodium current
Previous experiments showed that the action potentials of dopaminergic amacrines are primarily attributable to tetrodotoxinsensitive, voltage-dependent sodium channels (Gustincich et al., 1997) . Consistent with this finding, reducing sodium from 137 to 50 mM [with substitution by the impermeant cation N-methyl-Dglucamine (NMDG)] resulted in smaller, broader spikes, whereas with complete replacement of sodium, the spikes were abolished. In voltage clamp, replacement of sodium by NMDG resulted in Figure 5 . Subthreshold sodium current active between spikes. The current traces of A-D were obtained by subtracting currents recorded in the presence of 1 M TTX from control currents. A, Dopaminergic amacrine was ramped from Ϫ60 to Ϫ46 mV at the speed of its naturally occurring slow depolarization (350 mV sec Ϫ1 ). The cell membrane was then held at this potential for 40 msec before returning to the holding potential of Ϫ60 mV. This stimulus protocol elicited a TTX-sensitive inward sodium current with a peak amplitude of Ϫ36 mV and a steady-state value of Ϫ20 pA. B, Same cell as in A was recorded in voltage-clamp at a holding potential of Ϫ60 mV. A rectangular voltage step to the average resting membrane potential of Ϫ46 mV (80 msec) elicited an inward sodium current with a peak amplitude of Ϫ63 pA, which inactivated to a steady-state value of Ϫ15 pA. The time course of inactivation could be fitted with a single exponential f unction ( ϭ 23.9 msec). C, TTX-sensitive sodium current activated by a segment of spontaneous activity used as command stimulus in the voltage-clamp mode. The cell generated a large, fast transient sodium current at spike threshold and a persistent sodium current during the interspike interval (note deviation from dotted line at 0 pA). The area enclosed in the rectangle is enlarged in D. Figure 6 . Properties of the subthreshold sodium current. A, Current-voltage relation of sodium currents of dopaminergic amacrines elicited from holding potentials of Ϫ80 mV (E) or Ϫ50 mV (F). The currents have different amplitudes but similar voltage dependence. B, The two I-V curves of A have been normalized to the peak current at Ϫ10 mV and superimposed. C, D, Voltage steps to Ϫ10 mV from either Ϫ50 or Ϫ80 mV. Decay phases are fit with a single exponential function. Average time constants of decay were 1.11 Ϯ 0.04 msec (n ϭ 5) and 0.97 Ϯ 0.04 msec (n ϭ 5), respectively. E, Current evoked by continuously ramping the command potential from Ϫ80 to 20 mV at slow speed (60 mV sec Ϫ1 ). TTX (10 nM) blocked the sodium current to 0.38 Ϯ 0.07 (n ϭ 5) of control values (data not shown), whereas 100 nM TTX reduced the current to 0.12 Ϯ 0.04 (n ϭ 5). F, When the cell was stepped from Ϫ80 to Ϫ38 mV (threshold of action potential generation), a large transient sodium current was elicited. This current showed the same sensitivity to TTX when compared with the current evoked by the slow ramp in E. TTX (10 nM) inhibited the current to 0.46 Ϯ 0.06 (n ϭ 5) and 100 nM TTX to 0.07 Ϯ 0.01 (n ϭ 5) of control values. Figure 7 . Effects of blocking BK-and A-type potassium channels on action potentials. A, Block of calcium-dependent potassium channels of the BK type by charybdotoxin (10 nM) had no effect on the membrane potential and a modest effect on the firing frequency. B, Action potentials were elicited by injecting depolarizing current pulses (5 pA, 800 msec) in a dopaminergic amacrine hyperpolarized to Ϫ50 mV to remove spontaneous activity. Charybdotoxin (10 nM) selectively abolished the slow afterhyperpolarization and broadened the spike during the repolarization phase (from 4.0 to 5.5 msec, measured at threshold). The dotted line indicates the control trace measured in absence of the drug. C, E xtracellular application of apamin (1 M) had no effect on the shape of the action potential or on its pattern of discharge (data not shown). D, Discharge pattern of a dopaminergic amacrine was scarcely affected by extracellular application of TEA (0.5 mM). E, Similar to charybdotoxin, TEA (0.5 mM) blocked the (Figure legend continues) complete disappearance of rapidly inactivating inward currents. The effects of ion substitution were f ully reversible in both current clamp and voltage clamp (data not shown).
Application of TTX (1 M) blocked action potentials, as expected (Fig. 4C ). In addition, there was no rhythmic, subthreshold oscillation of the voltage in the presence of TTX, suggesting that both spike generation and the depolarization leading to threshold depend on TTX-sensitive sodium current. Consistent with the presence of substantial depolarizing sodium current between spikes, TTX had the additional effect of hyperpolarizing the cells by 4.8 Ϯ 0.7 mV (n ϭ 6).
The dependence of the spontaneous activity of dopaminergic amacrines on TTX-sensitive sodium channels was also illustrated by an experiment following that done by Grace and Onn (1989) for dopaminergic neurons of the substantia nigra. The spontaneous activity of a dopaminergic amacrine was abolished by holding its membrane potential at Ϫ50 mV, and the cell was then further hyperpolarized to Ϫ60 mV by injecting a Ϫ10 pA current pulse of 400 msec. At the offset of the current injection, the membrane potential overshot the original holding potential, giving rise to a slow depolarization of 5.6 Ϯ 0.5 mV (n ϭ 13) and 120 msec duration (Fig. 4 D) . With injection of a larger hyperpolarizing current (Ϫ20 pA, 400 msec), the "rebound" depolarization was enough to trigger a spike (Fig. 4 E) . In different types of neurons, such anode break excitation can be attributable to either TTXsensitive sodium current or T-type calcium current. In the dopaminergic amacrines, the rebound depolarization was inhibited completely by TTX (Fig. 4 F) but was unaffected by cobalt ( Fig.  4G) , suggesting involvement of sodium channels but not calcium channels.
These current-clamp results suggest that TTX-sensitive sodium channels may be crucial for the depolarization leading to threshold as well as for the rapid upstroke of the action potentials. In voltage-clamp experiments, we directly examined sodium currents active at subthreshold voltages. Figure 5A shows the TTXsensitive sodium current elicited by a ramp of voltage from Ϫ60 to Ϫ46 mV over 40 msec, a voltage protocol that mimics the initial phase of spontaneous depolarization after an action potential. This protocol reliably activated a sodium current, which reached a peak amplitude of Ϫ31 Ϯ 7 pA (n ϭ 7) at the end of the ramp. In a cell with a 2 G⍀ resting resistance, a current this size is very significant. It is striking that although the depolarization from Ϫ60 mV is slow, inactivation of the sodium current must also be slow over this voltage range, because so much current remains noninactivated at the end of the ramp. In fact, comparison with current elicited by a step directly from Ϫ60 to Ϫ46 mV (Fig. 5B) suggested that inactivation during the ramp reduces current by only ϳ50%.
To directly examine the sodium current active during spontaneous firing, we used a segment of spontaneous activity recorded under current clamp as the voltage command in a voltage-clamp experiment (Fig. 5C,D) . The resulting currents were recorded with and without TTX to isolate current carried by TTX-sensitive sodium channels. In addition to the expected large inward current flowing during the upstroke of the action potential, there was a smaller inward current throughout the interspike intervals. This current averaged Ϫ39 Ϯ 8 pA (n ϭ 13) when measured at Ϫ46 mV, near the midpoint of the slow depolarization.
These results suggest that TTX-sensitive sodium channels are open at the interspike voltage range of Ϫ60 to Ϫ40 mV and play a central role in producing the slow depolarization leading to the next spike. To address the possibility that the sodium channels active in the interspike interval are distinct from those responsible for the upstroke of the action potential, we used voltage protocols designed to test for the existence of multiple types of sodium channels. With the idea that distinct types of channels may have different steady-state inactivation properties, we compared the voltage dependence and kinetics of sodium currents from a steady holding potential of Ϫ50 mV, at which ϳ75% of the total sodium current is inactivated, with those evoked from Ϫ80 mV, at which all sodium current is available. The currents elicited from Ϫ50 mV were reduced to ϳ25% of those from Ϫ80 mV but had indistinguishable voltage dependence (Fig. 6 A, B) . The kinetics of the currents elicited from the two holding potentials were also the same, and inactivation of both currents could be fit well by a single exponential (Fig. 6C,D) , consistent with a single type of channel.
We also compared the TTX sensitivity of the channels giving steady currents in the voltage range of the interspike interval with that of channels activated by conventional step depolarizations from negative holding potentials. With a slow voltage ramp, inward current was elicited at voltages positive to Ϫ60 mV and reached a peak at Ϫ45 mV. The TTX sensitivity of the rampevoked current was indistinguishable from that of a current elicited by a step from Ϫ80 to Ϫ38 mV; in both cases, 10 nM TTX reduced the current by ϳ50% and 100 nM TTX reduced it by ϳ90% (Fig. 6 E, F ) .
Cerebellar Purkinje neurons, which also fire spontaneously even when dissociated and with all synaptic contacts removed (Nam and Hockberger, 1997; Raman and Bean, 1997) , have an unusual "resurgent" sodium current active at subthreshold voltages (Raman and Bean, 1997) . This is a time-dependent current that follows large depolarizations that have produced maximal inactivation; we found no such current in dopaminergic amacrines using similar protocols.
Potassium currents, afterhyperpolarization, and the interspike interval
We next examined the dependence of the spontaneous activity on various types of potassium channels. Although the experiments so far suggest that TTX-sensitive sodium current supplies the main depolarizing current between spikes, it is possible that potassium current activated during the action potential is also necessary to maintain spontaneous activity. For example, the hyperpolarization after the action potential (reaching Ϫ60 mV) might be necessary to remove inactivation of sodium channels. We therefore examined the effects of various blockers of specific 4 afterhyperpolarization and slowed the repolarization phase of the spike (from 3.6 to 5.6 msec, measured at threshold). F, Cobalt (0.5 mM) had effects on the action potential similar to those of charybdotoxin and low TEA: block of the afterhyperpolarization and broadening of the spike (from 4.2 to 5.7 msec, measured at threshold). In addition, the amplitude of the spike was slightly decreased (from 89 to 81 mV), probably because of reduced calcium influx in the presence of cobalt. G, E xtracellular 4-AP (100 M) depolarized a spontaneously firing dopaminergic amacrine. In addition, the firing frequency was increased to 13-14 Hz. H, Same cell as in G. Voltage trajectory of an action potential before (dotted line) and immediately after the onset of application of 4-AP (solid line). The cell was depolarized by 5-6 mV during the interspike interval, whereas the amplitude was not yet affected. potassium channels on spontaneous activity and action potential waveform.
Two blockers of BK-type, calcium-activated potassium channels, charybdotoxin (10 nM) and a low concentration (0.5 mM) of tetraethylammonium (TEA), were tested. Their effect on the frequency of spontaneous firing was modest (Fig. 7 A, D; Table 2 ), although both changed the form of the action potential by slowing repolarization and reducing the afterhyperpolarization (Fig.  7B,E) . Apamin, a blocker of the SK class of calcium-activated potassium channels, had no effect on spontaneous firing (Table 2) and also had no effect on the action potential waveform (Fig. 7C) . Block of calcium entry by 0.5 mM cobalt, which also did not alter significantly the frequency of spontaneous firing (Fig. 4 A) , reduced the afterhypolarization in a very similar manner as charybdotoxin and 0.5 mM TEA (Fig. 7F ) . These results suggest that calcium-activated BK channels contribute to the repolarizing phase of the action potential and to the afterhyperpolarization but that the afterhyperpolarization is of little consequence for the frequency of spontaneous firing. Figure 7 , G and H, shows the effects of 4-aminopyridine (4-AP), a blocker of A-and D-type voltage-activated potassium channels. With application of 100 M 4-AP, the interspike voltage depolarized considerably ( Fig. 7G,H ; on average by 6.7 Ϯ 1.4 mV, n ϭ 6), and the frequency of firing increased ( Fig. 7G ; Table 2 ). This suggests that current from A-or D-type channels is present between spikes and normally acts as a brake during the interspike interval. In voltage-clamp experiments, a component of inactivating potassium current was evident on depolarization from a holding potential of Ϫ70 mV, consistent with the presence of A-type current in the neurons (data not shown).
To examine possible participation in spontaneous activity of other voltage-activated potassium channels, we examined the effect of a high concentration (40 mM) of TEA, which would be expected to block most types of voltage-activated potassium currents. TEA at 40 mM caused a substantial depolarization of dopaminergic amacrines and a reduction in amplitude and broadening of the action potentials (Fig. 8 A) . Action potentials in the presence of 40 mM TEA had a prominent plateau, presumably originating from high-threshold calcium current (Fig. 8 B) . In addition, the afterhyperpolarization was abolished. Despite the dramatic effects of TEA on the action potential shape, there was no significant effect on the frequency of firing (Table 2) . Taken together, the effects of blocking potassium channels and calcium channels were remarkable because the frequency of spontaneous firing was scarcely affected even when the interspike voltage and action potential shape changed dramatically. Spontaneous firing appears to be a robust property of this type of neuron.
DISCUSSION
Our results show that dopaminergic amacrines spontaneously fire action potentials in a rhythmic pattern even in the absence of synaptic inputs. TTX-sensitive sodium channels are essential for the spontaneous activity of the cells, which was little affected by inhibition of calcium channels or I h . The voltage-clamp results show directly that substantial sodium current flows through TTXsensitive channels during the interspike intervals, and this current is sufficient to provide the depolarizing drive leading up to threshold during each cycle of firing.
The ability to fire spontaneously at a regular rate is a property that dopaminergic amacrines share with mesencephalic dopaminergic neurons Bunney, 1983a,b, 1984; Grace and Onn, 1989; Lacey et al., 1989; Yung et al., 1991) , but profound differences exist between the two cell types both in geometry and in the ionic conductances responsible for their activity. Substantia nigra neurons are large projection neurons with a long axon originating from a primary dendrite, and they generate an initial segment sodium spike, followed by a somatodendritic, high- Figure 8 . Effects of a high concentration of TEA. A, In current clamp, a dopaminergic amacrine had a resting membrane potential of Ϫ48 mV and spontaneously generated action potentials at a frequency of 9 Hz. On extracellular application of TEA (40 mM, 3 sec), the membrane potential was depolarized by 15-20 mV, but the frequency of firing did not change. E xtracellular solution (in mM): 97 NaC l, 40 TEAC l, 5.4 KCl, 1.8 CaCl 2 , 1 MgC l 2 , 5 H EPES, and 10 glucose. B, Same cell as in A. Voltage trajectory of an action potential immediately after the onset of TEA application. The membrane potential was slightly depolarized with respect to control (dotted line). The spike amplitude was reduced by 15 mV, and the repolarization phase was broadened.
threshold calcium spike (Grace and Bunney, 1983b; L linás et al., 1984; K ita et al., 1986; Häusser et al., 1995) . Although dopaminergic amacrines do possess axons in some mammals (Dacey, 1990) , it is unclear whether this is the case in the mouse. Furthermore, both rhythmic activity and shape of the action potentials were the same irrespective of whether processes survived the dissociation procedure.
The frequency of firing, shape of action potentials, and voltage range of the subthreshold depolarization are remarkably similar between retinal and midbrain dopaminergic neurons. Furthermore, in both cases a subthreshold, TTX-sensitive sodium current appears to be important for pacemaking (Grace and Onn, 1989) . However, in the midbrain neurons, voltage-dependent calcium current seems to play a crucial role (K ita et al., 1986; Fujimura and Matsuda, 1989; Grace and Onn, 1989; Kang and K itai, 1993; Nedergaard et al., 1993; Yung et al., 1991; Mercuri et al., 1994) . In contrast, blocking calcium current had minimal effect on the firing of dopaminergic amacrines. In addition, I h was very small and did not participate in pacemaking, whereas a prominent I h current is present in substantia nigra neurons (Harris and Constanti, 1995; Mercuri et al., 1995) . In the midbrain neurons, firing rates depend on calcium-activated potassium currents (Harris et al., 1989; Shepard and Bunney, 1991; Ping and Shepard, 1996) , whereas in dopaminergic amacrines, blocking such currents had but a modest effect on firing frequency.
The mechanism of pacemaking in dopaminergic amacrines is reminiscent of other cases of oscillatory behavior depending on a subthreshold sodium current (Alonso and L linás, 1989; Klink and Alonso, 1993; Amitai, 1994; Uteshev et al., 1995) and most closely resembles that of neurons of the suprachiasmatic nucleus, in which spontaneous activity also depends on a sodium current but not I h or calcium currents (Pennartz et al., 1997) . For most neurons, it is uncertain whether subthreshold sodium currents are carried by different channels than those responsible for the upstroke of the action potential (Crill, 1996) . In dopaminergic amacrines, we found no evidence that the sodium current in the interspike interval arises from a distinct type of sodium channel. This is in contrast to neurons from the suprachiasmatic nucleus, in which the sodium channels involved in pacemaking appear to differ in kinetics and voltage dependence from those mediating the action potential, and in which the total sodium current inactivates with two distinguishable components (Pennartz et al., 1997) .
If the subthreshold current in dopaminergic amacrines arises from the same channels as conventional transient currents, it may represent either a particular mode of gating of the channels (Alzheimer et al., 1993; Brown et al., 1994) or, instead, simply reflect a dynamic equilibrium between closed, open, and inactivated states at voltages in the range of the interspike interval, Ϫ60 to Ϫ40 mV. At this point, it is impossible to ascribe the sodium current in the interspike interval to a particular sequence of transitions between gating states. The Hodgkin and Huxley model of sodium channel gating is not adequate to describe real channels (Hille, 1992) , and its deficiencies may be greatest at subthreshold voltages, at which both activation and inactivation are incomplete. Subthreshold sodium currents may be an intrinsic consequence of the molecular gating mechanism of all sodium channels, in which case they may be common to all neurons. If so, the distinguishing feature of a pacemaking neuron may be lack of a large competing potassium conductance at relevant voltages rather than possession of specialized sodium channels.
The relative invariance of the frequency of firing with many pharmacological interventions, including cesium, cobalt, TEA, and charybdotoxin, seems surprising. The slow interspike depolarization must result from a very small net inward current, and the input resistance of the cell is high. One might expect the system would be sensitive to small changes in the balance of underlying currents, but the experiments show little evidence for this. The reasons for the robustness of the firing frequency in the face of changes in calcium and potassium currents remain to be determined. One possibility is that the decay of the potassium current indirectly causes a compensatory reduction in sodium current by decreasing the afterhypolarization and thereby diminishing or slowing recovery from inactivation of the sodium channels. Application of 4-AP did lead to increased frequency of firing. According to the analysis of Connor and Stevens (1971a,b) , the rate of inactivation of A-type potassium current, which is often sensitive to block by 4-AP, regulates interspike intervals, with inactivation being removed immediately after the action potential and then slowly redeveloping during the interspike depolarization. Consistent with its behavior in Anisodoris neurons (Connor and Stevens, 1971a,b) , A-type current contributed only minimally to the repolarizing phase of the action potential, which was little affected by 4-AP.
It seems possible that dopaminergic amacrines also fire spontaneous action potentials in vivo. If their input resistance in the intact retina is similar to that of other large amacrine cells (150 M⍀ in starburst amacrines; Taylor and Wässle, 1995) , a persistent sodium current of the same magnitude as that observed in vitro would depolarize the cell by ϳ6 mV and, thus, be sufficient to raise the membrane potential to the threshold for generation of an action potential. The presence of a spike-generating neuron in the pathway leading to dopamine release was suggested by Piccolino et al. (1987) on the basis of the effects of veratridine and TTX on the coupling of horizontal cells in the turtle. In vivo, however, the firing pattern of dopaminergic amacrines is probably different from that observed in vitro after removal of all synaptic influences: we have recently shown that the spontaneous activity of isolated dopaminergic amacrines can be abolished by the amacrine cell transmitters GABA and glycine and is stimulated by kainate, an agonist at the receptor for the bipolar cell transmitter glutamate (Gustincich et al., 1997) . On this basis, it seems likely that on cessation of illumination the spontaneous discharge of dopaminergic amacrines is inhibited by GABAergic amacrines that receive their input from off-bipolars. It must be emphasized, however, that the cells may not be totally silent in the darkadapted retina; perhaps, a slow rhythmic discharge of action potentials may be responsible for the basal efflux of dopamine that has been reported in the dark (Witkovsky and Dearry, 1991; Djamgoz and Wagner, 1992) . Dopaminergic amacrines are probably inhibited in scotopic illumination because of the influence of the glycinergic AII amacrine cells and may fire bursts of action potentials with photopic stimulation as a result of the excitation received from on-bipolars. Such a behavior would cause variations in dopamine release that are consistent with the modulation of coupling between AII amacrines in different conditions of illumination (Bloomfield et al., 1997) .
The spread of action potentials throughout the plexus of dopaminergic amacrine cell dendrites in the scleral region of the inner plexiform layer is probably responsible for the depolarization that causes calcium-dependent dopamine release in the light (Sarthy et al., 1981; Boatright et al., 1989; Kolbinger and Weiler, 1993) . It is unclear, however, whether dopamine release exclu-sively occurs at the synaptic junctions established by dopaminergic amacrines with other amacrine cells. This problem is further complicated by the fact that GABA is colocalized in dopaminergic amacrines (Wässle and Chun, 1988) : perhaps GABA is released at the synapses and mediates fast inhibitory events, whereas the release of dopamine takes place throughout the surface of their dendritic tree.
It seems significant that both retinal dopaminergic amacrines and the mesencephalic dopaminergic neurons exhibit pacemaker activity in vitro: this common behavior is even more remarkable considering that different constellations of voltage-gated ion channels apparently converge to generate the same functional phenotype. The spontaneous activity is probably related to a common pattern of ongoing dopamine release. It is interesting, in this respect, that substantia nigra neurons, like dopaminergic amacrines, release dopamine from their dendrites (Geffen et al., 1976; Korf et al., 1976; Cheramy et al., 1981; Lacey et al., 1990; Johnson and North, 1992; Rice et al., 1994) . Perhaps the generation of action potentials on removal of inhibitory influences and the resulting depolarization are essential to cause a tonic release of dopamine from the dendritic tree and, thus, ensure a high concentration of the modulator in the intercellular spaces. Then, the released molecules diff use throughout the retina to influence the activity of more distant targets, such as horizontal cells and photoreceptors.
